The deployment of optical fibers in adverse radiation environments, such as those encountered in a low-Earth-orbit space setting, makes critical the development of an understanding of the effect of large accumulated ionizing-radiation doses on optical components and systems. In particular, gamma radiation is known to considerably affect the performance of optical components by inducing absorbing centers in the materials. Such radiation is present both as primary background radiation and as secondary radiation induced by proton collisions with space-craft material.
INTRODUCTION
Rare-earth doped fibers are of central importance to many laser and amplifier systems, due to their high-bandwidth, monolithic structure, high-beam quality, and their potential for high-power applications [1] [2] [3] [4] [5] [6] [7] [8] . Specifically, erbium-(Er-) doped fiber amplifiers are ubiquitous in the communication industry because of their ability to amplify signals at the critical 1.5 um wavelength [8] [9] [10] , while ytterbium-(Yb-) doped fiber amplifiers, operating at 1.06 µm, have the benefit of an overall increased pump absorption efficiency with respect to purely Er-doped fibers 6, 7 . The low excited-state absorption cross-secion of Yb-doped silicates, as compared with Er, and the observation of reduced concentration quenching due to ion-ion interactions, also make the Yb-atom a desirable dopant 11, 12 . Co-doping the two rare-earth species allows for amplification at telecommunication wavelengths with increased overall absorption via an energy transfer process in which the Yb-atoms act as sensitizing agents and the Er-atoms as the emitting species 6, 7, 13, 14 . Properties such as alignment-free laser/amplifier reliability make rare-earth-doped fibers particularly desirable in harsh radiation environments, and their low weight and small volume are ideal for space-based applications 15, 16 . Deployment of such materials and systems in these environments, however, necessitates the development of an understanding of the impact of ionizing-radiation fields on their optical transmission.
It is well known that radiation in low-Earth orbit (LEO) arises from a number of sources including solar events, cosmic rays, and particles trapped in the Van Allen belts 17, 18 . For optical materials the radiation sources of primary concern are high energy particles and gamma rays, as these can lead to the formation of color centers (or absorbing centers) in the materials [19] [20] [21] [22] [23] [24] [25] which negatively impact fiber performance [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . Determination of the radiation response of these rare-earth doped fibers, therefore, is central to the design of optical systems for use in harsh radiation environments, as these fibers are often the most radiation-sensitive part of an amplifier system 15, 32 . Factors affecting the radiation-induced loss observed in doped fibers include the exact type of ionizing radiation, total absorbed dose, dose rate, and fiber characteristics such as core diameter, temperature, rare-earth dopant concentrations, and methods of fabrication 10, 26, 29, 33, 36, 39, 43 . Dopants such as Al, P, and Ge, used to modify the index of refraction in fiber materials and increase doping concentration of the rare-earth ions, have been seen to increase the induced loss by gamma radiation, with the exception of Al co-doped with Er 10, 26, 33, 36, 39, 43 . The exact concentrations of the rare-earth dopants, however, have been found to only slightly affect radiation sensitivity 43 . Finally, the decrease in optical transmittance of doped fibers with respect to ionizing-radiation dose and dose rate has been described by a power law 6, [20] [21] [22] [23] 25 . The exact nature of radiation-induced changes in the luminescent band structure of such fibers has not been determined. This paper reports the results of an investigation of the temporal evolution of photodarkening across the infrared (IR) portion of the spectrum (1.0 µm to 1.6 µm) in Yb-doped, Er-doped and Er/Yb co-doped optical fibers subjected to gamma radiation from a Co 60 source with dose rates of 14.3, 40.1, and 118.7 rad(Si)/s, up to total doses of over 200 krad (Si). All data was obtained under passive (not actively pumped) conditions. The radiation-induced decrease in spectral transmittance was evaluated at a total accumulated dose of 2 krad (Si), approximating reasonable short-term (~2-5 years), real-world, near-Earth-orbit exposure conditions 23 , and at >50 krad(Si), corresponding to longer time periods at which substantial optical darkening could be observed.
EXPERIMENT
A suite of Yb-and Er-doped aluminosilicate fibers from Liekki and two Er/Yb co-doped fibers from OFS were exposed to gamma radiation from a Co 60 source in a test cell of the Gamma Irradiation Facility (GIF) at Sandia National Laboratories in Albuquerque, NM. The tested fibers were on the order of 3 m in length, and varied in core and cladding diameter, geometry, numerical aperture, and doping concentrations. The specific Yb fibers used were Yb1200-10/125DC, Yb1200-20/400DC, Yb1200-30/250DC, Yb1200-4/125, and Yb2000-6/125DC, where the first number designates the nominal peak absorption at 976 nm in dB/m, and the second and third numbers denote the core and cladding diameters respectively in µm. The 'DC' specifies the double-clad fibers. The erbium fibers tested were Er16-8/125, Er20-4/125, Er30-4/125, Er40-4/125, Er80-4/125 and Er110-4/125 and the co-doped fibers under test were OFS Er/Yb PM DC. Again for the erbium fibers, the first number in the identifying scheme denotes the nominal peak loss at 1.5 µm in dB/m while the second and third numbers relate to the core and cladding diameters respectively in µm. None of the Er fibers had a double-clad geometry. All fibers were fitted with SMA connectors (Coastal Connections) to facilitate connections to other fibers and test equipment. Double-clad fibers were fusion-spliced to ~1 m long pigtails in order to ensure that the light was confined within the core. SMF-28 pigtails (Corning) were used for the Yb1200 fibers, while HI-1060 pigtails (Corning) were used for the Yb2000 fibers.
The experimental setup in the GIF test cell is shown in Figure 1 . The individual array elements making up the Co 60 source were arranged on a platform, which was raised out of a pool of water into the cell during testing. The Yb-doped test fibers were spooled and placed in plastic boxes, which were vertically suspended from holders facing the source, to provide uniform irradiation. Data from four CaF 2 thermoluminescent devices (TLDs) per spool were averaged to give an indication of the dose rate received by each fiber at the various experiment locations within the test cell, while thermocouples were used to monitor sample temperatures throughout the experiment. Temperatures ranged from 26.3°C to about 30°C, and remained stable, varying only by approximately 2-3°C, during the exposures. The locations of the fiber holders determined the dose rates the fibers experienced. Fibers closest to the source experienced the highest dose rates of 118.7 rad(Si)/s while those further from the source received dose rates of either 40.1 rad(Si)/s or 14.3 rad(Si)/s, depending on their position within the test cell.
Outside of the test cell, broadband reference light from a 75 W xenon arc lamp (Oriel Model 6263) was coupled into a set of delivery fibers by means of collimating optics. The delivery fibers, which carried the optical signal into and out of the test chamber, were SMA connectorized and were standard low-OH silica fibers (Ocean Optics P100-10-VIS/NIR) with a relatively flat transmission spectrum in the near infrared. Special radiation-hard fibers could not be used due to higher OH levels, which introduced unwanted absorption in the wavelength region of interest. Half of the delivery fibers were connected to the ends of spooled, doped test fibers within the test cell. Light coupled into these delivery fibers traveled into the test cell, through the rare-earth-doped test fibers, and then back out of the test cell to the diagnostic equipment. These fiber lines constituted the test channels. The other half of the delivery fibers ran in pairs alongside the test-fiber lines, but the input and output fiber pairs were directly connected to one another inside the test cell (i.e.: the segment of doped, test fiber was absent from the fiber line), constituting background channels. Data collected from the background channels in this way was used to evaluate any changes in the transmission signals of the test-fiber lines which were attributable to losses incurred in the delivery fibers themselves (rather than in the spools of doped fiber). A time-dependent comparison of the spectral signal data with the spectral background data allowed for a direct analysis of gamma-induced losses in the rare-earth-doped fibers under test with the background removed. Segments of pigtail fibers were also included in the background channel configurations for those tests in which pigtails were used to couple light into double-clad test fibers. Data from multiple fiber lines were collected by sampling the fiber outputs sequentially using 1:9 fiber switches (Piezosystems Jena). Transmission spectra were collected on each fiber approximately once per minute and the effect of radiation-induced optical photodarkening was monitored over a 6-to 8-hour period by recording the temporal decrease in the transmittance of the xenon reference light over a broad wavelength window (~1.0 µm to 1.6 µm) using an optical spectrometer (Ocean Optics NIR 512). In addition, as the fiber samples varied in length, all transmission data were normalized to a standardized 1.0 meter fiber length. Results are summarized below. Experimental configuration for test fibers located in gamma test chamber (GIF-A) at Sandia National Laboratories, NM, for radiation exposure studies. Broadband optical radiation from a xenon arc lamp, located outside the test chamber, was coupled into a set of standard SiO 2 delivery (background) fibers. Delivery fibers entered the test chamber through access ports and coupled light into the test fibers located inside the gamma test chamber. The transmission spectrum over the wavelength range of 1000 nm to 1600 nm, was monitored at 1 min. intervals throughout the 6 -8 hour gamma exposure for each test and/or background fiber. An Ocean Optic NIR 512 spectrometer was used to monitor spectral data.
RESULTS AND DISCUSSION
Transmittance data for the suite of tested fibers was examined as a function of both dose rate and total dose. Figure  2 shows examples of the data from the Er20-4/125 fiber after processing. The figure show the spectral response of the test fiber after receiving a dose of approximately 2 krad (Si), the estimated total dose received in a short deployment scenario in low-Earth orbit 23 , with the left figure at a dose rate of 14.3 rad(Si)/s and the right at 40.1 rad(Si)/s. The large dip in the figures centered at 1.5 µm corresponds to strong absorption at this wavelength by the Er-constituent of the material. Total radiation-induced losses of 10-30% can be observed in the spectra. Similar data has been seen for Ybdoped fibers 25 , except that the decrease in transmittance was more uniform with respect to wavelength and reached a maximum loss of approximately 8% for both dose rates at these total doses, indicating a reasonably high radiation resistance for the Yb-doped fibers as compared to the Er-doped materials. Gamma-radiation-induced loss in optical transmittance in Er/Yb co-doped fiber is shown in Figure 3 for comparison. Loss bands attributable to the Yb constituent are evident at wavelengths below 1.1 µm and the large absorption band arising from the Er-dopant is seen centered at 1.5 µm as expected. It is quite interesting to note that the co-doped fiber appears to exhibit the strongest resistance to gamma-radiation-induced optical photodarkening at these total doses. Total accumulated losses of as little as 2-3% are observed in these fibers as compare to the much larger losses of 8% to 30% for the Yb-and Er-doped fibers respectively. Similar spectral trends can be observed in the samples exposed at both low and high dose rates with large accumulated total doses (upwards of 50 krad (Si)). These data are shown for Yb-doped fiber, Er-doped fiber, and for codoped fiber in Figure 4 below. Significant photodarkening is seen in all of the samples following large total doses of gamma irradiation with eventual complete photodarkening observed for typical total doses of 100 krad (Si) or greater. Specifically, it can be seen that the fibers exhibited a relatively rapid decrease in the transmission spectrum over the 1.0 -1.6 µm window reaching substantial levels of darkening (<40% transmittance at all wavelengths) at total accumulated doses of >50 krad. While these total dose levels clearly exceed the anticipated near-Earth space environment, it is instructive to examine these data taken under passive fiber-amplifier operation.
Output to spectrometer
(a) (b) ( c ) Figure 4 : Effect of large total-dose gamma irradiation on the optical transmittance of (a) Yb-doped (Yb1200-4/125), (b) Er-doped (Er20-4/125) and (c) Yb/Er co-doped fibers. All samples were exposed at a dose rate of 40.1 rad(Si)/s.
To emphasize the dose-rate dependence of the transmittance, Figure 5 shows transmittance spectra obtained at different dose rates plotted together. A slight dose rate dependence is evident, which becomes more prominent at larger total accumulated gamma doses. The dose rate does not appear to affect the spectral shape of the absorption feature. Such an effect may be observed at all accumulated total dose values for both the Yb-doped and the Er-doped fibers. The difference between samples exposed at a rate of approximately 14.3 rad(Si)/s versus 40.1 rad(Si)/s was on the order of 3-10% across the observed spectrum. Such a dose-rate dependence warrants further investigation. In addition to the gamma radiation studies reported above, a series of post-radiation, thermal anneals were also attempted on the fiber samples. These investigations were performed in order to ascertain whether or not some portion of the permanent photodarkening, observed in all of the doped fibers following >100 krad (Si) gamma radiation exposure, could be removed through heating. The tests were performed by coupling light from the xenon arc lamp into and out of gamma-irradiated doped fibers and then placing the fibers in direct contact with a heated alumina tray or, alternatively, by heating the fibers directly in an ambient-atmosphere, standard box furnace. The optical transmission of test fiber was monitored, using the Ocean Optics NIR 512 spectrometer, as the fiber was heated. The potential for thermally-induced recovery of the optical transmittance function was evaluated. Samples were heated to temperatures as high as 120°C for up to 30 minutes. In these experiments, no recovery in the transmittance of any of the samples was observed.
All samples remained permanently photodarkened following all thermal treatments. Reports in the literature 13 do support the use of thermal anneals during radiation exposure in order to aid in recovery of the optical transmittance. Such a possibility remains a subject of future investigations.
CONCLUSION
It is clear that the application of optical materials and components in space-based technologies presents a significant challenge due to the adverse operational radiation environment. The presence of high energy gamma photons can lead to significant transmission loss in optical materials through the formation of radiation-induced color centers and subsequent optical photodarkening. In the present study, a representative space environment, of 2-5 years at low-Earth orbit, was approximated and evaluated. Reasonable estimates of the radiation exposure that optical fibers might be subjected to under those conditions were made and gamma radiation tests were conducted on doped optical fibers. The current report evaluates, for the first time, the temporal and spectral evolution of gamma-radiation-induced photodarkening in a suite of rare-earth-doped optical fibers across the near IR spectrum. Radiation-induced optical photodarkening was observed and evaluated for fibers exposed to ~ 2 krad (Si), representing the short-term LEO environment, and for fibers exposed to much larger doses of gamma radiation ranging above 50 krad (Si). The acquired doped-fiber spectra clearly show a decrease in the transmittance of the irradiated fibers across the spectrum, with generally a higher loss at shorter wavelengths, which is consistent with the notion of radiation-induced color center formation in the fibers [20] [21] [22] [23] . At large doses over 100 krad (Si) a low point was reached, and the residual noise floor was attributed to the limitations of the instrumentation. No saturation due to self-annealing processes during the experiment was observed and no recovery of the transmittance by means of post-experimental anneals was achieved, indicating that the color centers formed during gamma irradiation represent deep trap states.
It was observed that while all of the doped fibers exhibited radiation-induced optical transmission loss, the Yb-doped and the Er/Yb co-doped fibers showed a greater resistance to radiation damage than did the Er-doped fibers. In fact, the behavior of the Yb-doped and co-doped fibers at total doses representative of the environment over 2-5 years in LEO confirms the relative radiation hardness of these fibers. As speculated previously, this radiation resistance might be the result of the DND technology used to produce the fibers, which typically produces more uniform profiles, thus effectively dissipating energy faster and preventing the formation of color centers 44 , however this would only explain the general radiation response of all of the Liekki fibers under test (as all were fabricated using similar processing). The difference in the radiation response of the different dopants, thus, is more likely explained by the presence of valencestate conversion processes (specifically the Yb 2+ /Yb 3+ conversion). It is reasonable to suppose that the ability of Yb to both accept and donate electrons enables it to act as an absorbing agent, thereby shielding the rest of the fiber structure from photodarkening 24, 25, ,45 .
In addition to the observed photodarkening, the data did suggest some non-linearity in the dose-rate dependence of the photo-response of the fibers. This effect clearly requires further study in order to understand the potential impact of solar excursions and abnormal radiation flux on the performance of the doped-fiber devices.
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